We present a femtosecond optical pump-probe study of the multiferroic manganite sites. Ultrafast switching of superexchange interactions due to modulated e g orbital occupancy creates a localized spin excitation, which then decays on a time scale of tens of picoseconds at low temperatures. The localized spin state decay appears as a tremendous increase in the amplitude of the photoinduced reflectance, due to the strong coupling of optical transitions to the spin-spin correlations in the crystalline a-b plane.
we attribute to the recombination of photoinduced electrons and holes.
The most remarkable feature of the pump-probe response is the development of a slow large-amplitude rise in the ∆R/R signal at low temperatures, with a maximum rise time of ∼ 55 ps (Fig. 1) . The feature starts to develop at temperatures above T N and reaches its full strength at the lowest temperatures. We attribute this feature to the relaxation of the localized magnetic excitation that is created when a Mn 3+ ion is optically excited to Mn
2+
with an extra electron in the e g orbital. This idea is analogous to lattice polaron formation at the Mn 2+ site, which happens as the doubly occupied e g orbital loses its Jahn-Teller activity. This makes the Jahn-Teller distortion on the newly born Mn 2+ ion energetically unfavorable; the relaxation of the Jahn-Teller lattice distortion happens within ∼ 1−5 ps due to the strong electron-phonon coupling 4 . This polaronic character of optical excitations in Jahn-Teller manganites is well established 29, 30 . The formation of the polaron can be viewed as the relaxation of the localized lattice excitation at the Mn 2+ site. In a similar fashion, localized magnetic excitation happens via the emission of spin waves and takes much longer than the Jahn-Teller polaron relaxation.
The long rise dynamics of the photoinduced response is a feature of the magnetically ordered state, but it emerges at ∼ 100 K, which is much higher than T N . We explain this by noting that the short-range spin correlations in magnetically frustrated systems persist to much higher temperatures compared to the long-range ordering temperature. In fs duration generated by a Ti:Sapphire regenerative amplifier (Coherent RegA) operating at a 250 kHz repetition rate. The first pulse, the pump, puts the material in a nonequilibrium excited state. The second pulse, the probe, interrogates the photoinduced change in the material's reflectance. In all our measurements, the probe beam power was at least ten times lower than the power of the pump beam. We used lock-in detection to measure the pump-induced change in the reflected probe power and recorded the temporal evolution of the relative change in reflectance ∆R/R. In all measurements, the wavelength of the pump and the probe pulses was the same, corresponding to either 1.55 eV or 3.1 eV photon energy.
The sample was mounted on the cold finger of a helium flow cryostat, which allowed control of the sample temperature in the 5 -300 K range. at low temperatures is well described by a double exponential function of the form
where the first exponential term describes the rise of the negative response in ∆R/R (Fig. 2) .
The second term describes the decay of the photoinduced reflectance within a few nanoseconds. For simplicity, we did not include the convolution with the pump and probe autocorrelation function in Eq. (1), as the dynamics of interest happens on a timescale much longer than the pulse duration. From here on, we refer to the time constant τ 1 as the rise time of the photoinduced reflectance. The most striking feature of our pump-probe data is the rapid increase in the magnitude of the negative ∆R/R component as the temperature is lowered below 100 K. This increase can be quantified by extracting the amplitude A 1 from the least-square fits to the data using Eq. (1). Figure 3 shows the temperature dependence of the parameters A 1 and τ 1 , both of which start rising steeply somewhere between 100 and 150 K as the temperature is lowered. We now turn to the strongly temperature-dependent rise dynamics observed in Figs. 1 and 4 and described by the first term in Eq. (1). This long-rise dynamics dominates the photoinduced reflectance at low temperatures. The contribution of this process to ∆R/R has opposite signs in the 1.55 eV (Fig. 1) and the 3.1 eV (Fig. 4) data. Nonetheless, the two responses share the same origin. This is corroborated by the similar temperature dependence of τ 1 and A 1 in the two sets of data (Fig. 3) . The identical origin of the rise of ∆R/R is also consistent with the nature of the excited state, which is a self-trapped small polaron for both measurements. It is not surprising that in both measurements we observe the same relaxation. ∆R/R is related to the photoinduced modulation of the real and imaginary parts of the dielectric function, ∆ǫ 1 (t) and ∆ǫ 2 (t), as
which means that the sign of ∆R/R depends on the ultrafast redistribution of the spectral weight. In the following, we show that the long-rise response is magnetic in origin and that We attribute the emergence of the long rise dynamics to the decay of the localized spin excitations via the emission of spin waves and spin-lattice coupling. The rise time τ 1 reflects the combined lifetime of the localized spin excitations on Mn 2+ and Mn 4+ sites. In this picture, the increase of amplitude A 1 with lower temperature (Fig. 3) is linked to the strengthening of the spin correlations in the material: the stronger correlations result in a larger amplitude of the localized spin excitation. The stronger spin correlations also make our pump-probe measurement more sensitive to the local spin structure on Mn sites, as they control the strength of the optical d-d and p-d transitions 33 . We interpret the increase in the rise time τ 1 (Fig. 3) as the increasing lifetime of the localized spin excitation with lower temperature, which should also grow with the strength of the spin correlations. This is equivalent to the narrowing of electron spin resonance lines in the magnetically ordered state of manganites 40 .
We interpret the observed rise time τ 1 in the 1.55 eV and 3.1 eV data as the signature of the same process -the decay of localized spin excitations. The measured values of τ 1 are somewhat different for the two photon energies (Fig. 3) . We would like to discuss a possible origin of that difference. The absorption of a 1.55 eV photon creates a pair of Mn 2+ and Mn 4+ ions (transition I in Fig. 5 ). The absorption of a 3.1 eV photon also creates such a pair, but in a two-step process. In the first step, the transition II in Fig. 5 takes place, leaves a hole on the oxygen ion, and creates a Mn 2+ ion. In the second step, the hole on the oxygen is filled and transferred to a neighboring Mn ion, turning it into Mn 4+ (transition III in Fig. 5) is excited with the 3.1 eV pump, which may lead to the longer rise time τ 1 observed at this photon energy.
Handayani et al. assigned a magnetic origin to this long rise component, but their microscopic interpretation is different from ours. They interpret it as the loss of kinetic energy by the photoexcited electron via the emission of spin waves (or magnon assisted hopping of the electron). The rise time of ∆R/R is then the amount of time it takes the photoinjected electron to stop hopping from site to site 26 . In our view, this picture does not account for the electron-phonon coupling that leads to the trapping of the polaron that we discussed earlier.
IV. SUMMARY
We have presented an optical pump-probe study of the multiferroic manganite 
